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ABSTRACT 

The one engine conf igu ra t ion  of t h e  S-IVB s t a g e  
l e a d s  t o  a s imple POGO s t a b i l i t y  model w h i c h  w a s  f u r t h e r  
s i m p l i f i e d  by excluding t h e  f u e l  s u c t i o n  l i n e  and t h e  f u e l  
s i d e  of t h e  J-2 engine. The Rocketdyne engine t r a n s f e r  
func t ion  f o r  an NPSH of 5 0 '  and a mixture  r a t i o  of 5.0 w a s  
used. A LOX l i n e  frequency of 24 Hz w a s  s e l e c t e d  a s  a compro- 
m i s e  between t h e  Rocketdyne d a t a  of  25.3 Hz and t h e  i n d i c a t i o n s  
o f  22.5 t o  24 Hz found i n  t h e  i n f l i g h t  spectrograms. The 
Boeing s t r u c t u r e s  d a t a  of August 1, 1 9 7 0 ,  was used w i t h  a 
modified tank p res su re  c o e f f i c i e n t .  I 

The zero-phase gains  f o r  t h e  e i g h t  t i m e  p o i n t s  w e r e  
c a l c u l a t e d  by opening t h e  loop a t  t o t a l  f o r c e  on t h e  engine 
gimbal. There i s  a 1 6  Hz mode wi th  only 2 dB of margin a t  
burnout  and t h i s  seems to  agree wi th  t h e  i n f l i g h t  spectrograms. 
There i s  a 1 9  Hz mode during t h e  f i r s t  burn,  b u t  i t s  20 t o  
30 d B  margin would no t  p r e d i c t  i t s  clear appearance on t h e  
spectrograms. Perhaps t h i s  w i l l  be modified by Boeing's 
n e x t  s t r u c t u r e s  update,  due mid-September, which w i l l  i nc lude  
an  e l a s t i c  body a n a l y s i s  of t h e  engine t h r u s t  s t r u c t u r e .  
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SUBJECT: Prel iminary S-IVB POGO S t a b i l i t y  DATE: September 11, 1970 
Analysis - Case 320 

FROM: J. J. O'Connor 

MEMORANDUM FOR FILE 

INTRODUCTION 

The r e s u l t s  of our pre l iminary  a n a l y s i s  o f  S-IVB 
POGO s t a b i l i t y  w e r e  p resented  a t  t h e  MSFC POGO Working Group 
Meeting of August 26-27; 197'0. T h i s  memorandum: t o  be d i s -  
t r i b u t e d  t o  t h e  a t t endees  l i s t e d  i n  Table I, w i l l  b r i e f l y  
d e s c r i b e  the p resen ta t ion .  

BAS I C  STAB I L ITY MODEL 

T h e  S-IVB POGO s t a b i l i t y  model i s  s i m p l i f i e d  by the  
f ac t  t h a t  t h e  S-IVB s t a g e  has only one engine w h i l e  t h e  S - I C  
and S - I 1  s t a g e s  each have f i v e  engines .  Based on ou r  S- I1  
POGO experience w e  have f u r t h e r  s i m p l i f i e d  t h e  model by n o t  
i n c l u d i n g  the f u e l  s u c t i o n  l i n e  and t h e  f u e l  s i d e  of t h e  5-2 
engine.  

The r e s u l t i n g  model, shown on Figure  1, c o n s i s t s  of 
S t r u c t u r e ,  LOX Line and Engine. The Aos block r e p r e s e n t s  t h e  
o x i d i z e r  s u c t i o n  l i n e  area feedback. S ince  t h e  s t r u c t u r e s  
model does n o t  i nc lude  the m a s s  of t h e  p r o p e l l a n t  i n  t h e  
s u c t i o n  l i n e s ,  this A o s  can be considered as a mod i f i ca t ion  
of the  s t r u c t u r e ,  as shown i n  F igure  l a .  From a s t a b i l i t y  p o i n t  
of v i e w ,  however, i t  i s  j u s t  as v a l i d  t o  cons ider  A o s  a s  a 
modi f ica t ion  of the engine t r a n s f e r  func t ion ,  as shown i n  
F igure  l b .  
us  t o  open t h e  loop f o r  s t a b i l i t y  a n a l y s i s  a t  the t o t a l  f o r c e  
F; t h i s  i s  the t o t a l  f o r c e  a c t i n g  on t h e  engine gimbal block.  

I t  is  t h e  conf igu ra t ion  of Figure l b  which l e a d s  

STRUCTURES BLOCK 

The  detalied POGO s t a b i l i t y  model, F igure  2, uses 
n s t r u c t u r a l  modes where n is  a d j u s t a b l e  depending on t h e  
available d a t a  and the  type of a n a l y s i s  des i r ed .  The numerical 
va lues  f o r  t h e  s t r u c t u r e  were obta ined  from t h e  Boeing-Memoran- 
dum 5-9430-H-177 dated  August 1, 1970. The Boeing r e p o r t  
gave t h e  p r e s s u r e  c o e f f i c i e n t  ci which w e  converted as shown 
on Figure  2 .  
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E N G I N E  BLOCK 

The engine t r a n s f e r  func t ion  depends on N e t  P o s i t i v e  
Suct ion  Head, N P S H ,  and Engine Mixture R a t i o ,  EMR. Examination 
of S- IVB f l i g h t  d a t a  l e d  us t o  s p e c i f y  an N P S H  of 5 0 '  and an 
EMR of 5 . 0 .  The a p p r o p r i a t e  Rocketdyne t r a n s f e r  func t ion  w a s  
s e l e c t e d  and t h e  frequency response of  t h e  engine i s  shown i n  
F igure  3 .  T h i s  f i g u r e  a lso shows t h e  Aos modif ica t ion  of t h e  
engine gain;  it reduces the gain by 2 d B  a t  l o w  f r equenc ie s ,  
i n c r e a s e s  it by 3 dB a t  high f requencies  and adds about  1 0  
degrees  of phase l a g  a t  h igh  f requencies .  

LOX LINE BLOCK 

The lumped-parameter l i n e  model shown i n  F i g u r e  2 
con ta ins  only one mode, t h e  f i r s t  resonance. T h e  a n a l y s i s  
a c t u a l l y  used three modes which w e r e  de r ived  from a cont inuous 
mode.1 of t h e  l i n e .  

The l i n e  te rmina t ion  impedance has been sepa ra t ed  
on Figure  2 i n t o  the  bubble c a v i t a t i o n  compliance Cbo and t h e  

. This l a t t e r  t e r m  i s  the  r e s i d u a l  a i  pump i n l e t  admit tance - 
aPos 

of t he  Rocketdyne dual-compliance l i n e  t e rmina t ion  impedance; w e  
s e p a r a t e  o u t  cbo i n  order t o  a d j u s t  the l i n e  frequency. 
s e r v a t i o n s  of our  spectrograms i n d i c a t e  i n f l i g h t  l i n e  f r equenc ie s  
i n  t he  2 2 . 5  t o  2 4  Hz range w h i l e  the Rocketdyne compliance 
would lead t o  a l i n e  frequency of 2 5 . 3  Hz. W e  s e l e c t e d  a 2 4  Hz 
l i n e  because it is wi th in  the  range of f l i g h t  d a t a  and does 
leas t  v io lence  t o  t h e  Rocketdyne d a t a .  

Ob- 

T h e  l i n e  response is shown i n  F igure  4 .  T h e  combined 
response of t h e  l i n e  and t h e  modified engine i s  a l s o  shown i n  
F igure  4 .  Reference t o  Figure 1 shows t h a t  t h e  combined 
response relates (one) output  of the s t r u c t u r e s  block,  XG,  

t o  i n p u t  of t h e  s t r u c t u r e s  block, F. Therefore ,  t h i s  combined 
response could be considered a s  a POGO s e l e c t i v i t y  func t ion  
i n  t h e  s e l e c t i o n  of the more impor tan t  l o n g i t u d i n a l  modes of 
the s t r u c t u r e .  That is ,  a mode w i t h  a given ga in  a t  2 4  Hz 
would c o n t r i b u t e  20 dB more t o  t h e  open-loop response t h a n  a 
mode a t  4 Hz w i t h  the same gain.  

SELECTION OF STRUCTURAL MODES 

T h e  Boeing Memorandum conta ined  s t r u c t u r a l  d a t a  f o r  
fou r  t i m e  p o i n t s  dur ing  the S-IVB f i rs t  burn and fou r  t i m e  
p o i n t s  f o r  t h e  second burn. W e  decided t h a t  t h e r e  w e r e  t o o  
f e w  t i m e  p o i n t s  t o  i n t e r p o l a t e  t h e  data,  s o  o u r  s t a b i l i t y  
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a n a l y s i s  would be l i m i t e d  t o  the e i g h t  t i m e  p o i n t s  for  which 
w e  have da ta .  

The Boeing coupled model produces p i t c h ,  yaw and 
t o r s o n i a l  modes as w e l l  as the  d e s i r e d  l o n g i t u d i n a l  modes, and 
t h e  data c o n s i s t e d  of 49 modes fo r  each of  t h e  e i g h t  t i m e  p o i n t s .  
Fu r the r ,  F igure  2 shows t w o  ou tputs  f o r  t h e  s t r u c t u r e s  block.  
One i s  tank bottom p r e s s u r e ,  PT, which i s  a p p l i e d  d i r e c t l y  t o  
t h e  t o p  of t h e  s u c t i o n  l i n e .  
t i o n ,  x,, which conver t s  i n t o  re la t ive  weight  flow, W 

t o  pump motion, and it is  appl ied  t o  the  bottom of t h e  l i n e .  
W e  must f i n d  a method of s c a l i n g  t h e  two ou tpu t s  of  t h e  s t r u c -  
t u r e s  block i n  o r d e r  t o  s e l e c t  t h e  m o r e  s i g n i f i c a n t  modes. 
F igu re  5 shows the  e x a c t  equat ion of a continuous model of t h e  
s u c t i o n  l i n e ,  and i n  gene ra l ,  the s c a l i n g  between the two i n p u t s  
does depend on frequency, w .  However, under t h e  assumption of 
an a c o u s t i c a l l y  s h o r t  l i n e ,  the gimbal a c c e l e r a t i o n  XG can be 

s c a l e d  by p k / g  t o  an equ iva len t  p r e s s u r e  a t  t h e  t o p  of t h e  
l i n e .  For t h e  S-IVB t h i s  s c a l e  factor  i s  3.08 

The o t h e r  i s  engine  g i@al  acce le ra -  
due 

P' 

p s i  
i n / s e c  2 

t h  The peak r e sonan t  t ransmission f o r  t he  i- mode, 
gi i n  p s i / l b f ,  i s  de f ined  as 

where the  p r e s s u r e  c o e f f i c i e n t  ci, t h e  normalized d e f l e c t i o n  
a t  t h e  gimbal ogi, the mode frequency w i t  t h e  damping < i  and 
the equ iva len t  m a s s  Mi are obtained f r o m  the Boeing Memorandum. 
The va lues  of gi, expressed i n  dB, f o r  the 2 5  h ighe r  ga in  
modes of t h e  49  mode t o t a l  are l i s ted  i n  Table 11; t h e  rank,  
mode number and the m o d e  frequency a r e  also l i s ted .  

I n  ou r  i n i t i a l  handling of t h e  d a t a  w e  in formal ly  
obta ined  a scan of t h e  d a t a  which ranked t h e  " top" 1 5  modes. 
W e  s e l e c t e d  t h e  " top"  9 of these 15  f o r  our  f i r s t  s t a b i l i t y  
run. These modes are i d e n t i f i e d  on Table I1 where it i s  seen 
t ha t  the rl topll  9 o r  the "top" 1 5  do n o t  always occupy 
the top ranks.  
t h e  scan t o  c a l c u l a t e  g ; i t  appears  t h a t  t h e  scan over- 
emphasized the  f i r s t  t e r m ,  P,, a t  the  expense o f  t h e  second one ,  

x,. 
the POGO s e l e c t i v i t y  frequency func t ion  was n o t  app l i ed  t o  the 
d a t a  of Table 11. 

This  i s  due, i n  p a r t ,  t o  t h e  s c a l i n g  used i n  

... 
The mixed ranks a r e  a l s o  due, i n  p a r t ,  t o  t h e  f ac t  t h a t  
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It  should be  noted t h a t  t h e  s c a l i n g  of gi and t h e  
a p p l i c a t i o n  of t h e  POGO s e l e c t i v i t y  f u n c t i o n  a f f e c t  on ly  t h e  
choice  of modes t o  be used i n  t h e  s t a b i l i t y  a n a l y s i s ;  they  do 
n o t  a f f e c t  t h e  r e s u l t i n g  s t a b i l i t y  margins. Of course ,  t h e r e  
i s  always t h e  p o s s i b i l i t y  t h a t  a poor s e l e c t i o n  w i l l  overlook 
t h e  least  stable mode. This was n o t  t h e  case w i t h  t h e  n ine  
mode scan as confirmed by a l a t e r  s t a b i l i t y  a n a l y s i s  u s ing  
a l l  49 modes, as d iscussed  i n  t h e  nex t  s e c t i o n .  

STABILITY RESULTS 

r7- us ing  t h e  riiiie m d e s  i d e n t i f i e d  oil Table I1 arid t h e  
l i n e  and engine responses  of  Figures 3 and 4 ,  w e  de r ived  t h e  
s t a b i l i t y  margins f o r  t h e  e i g h t  t i m e  p o i n t s .  That i s ,  w e  
c a l c u l a t e d  t h e  zero phase ga ins ,  which are t h e  c ros s ings  of t h e  
p o s i t i v e  real  ax is  of  t h e  Nyquist p l o t s ,  when t h e  loop i s  opened 
a t  t o t a l  f o r c e ,  as shown i n  Figure 2 .  The zero phase ga ins ,  
expressed i n  dB, are p l o t t e d  a g a i n s t  f l i g h t  t i m e  i n  F igure  6 ;  
t h e  data are l a b e l e d  t o  show the  frequency f o r  each s t a b i l i t y  
p o i n t .  

The p r e s s u r e  c o e f f i c i e n t  ci of  t h e  Boeing r e p o r t  
should be used i n  a displacement type  of equat ion;  w e  conver t  
it t o  hIti ,  as shown on Figure 2, and use  i n  an a c c e l e r a t i o n  
type  of equat ion.  The d i f f e r e n c e  between t h e s e  two approaches 
can be seen on Figure  7. While t h e  c h a r a c t e r i s t i c s  a t  the peak 
response are t h e  same e i t h e r  way, t h e r e  are ques t ions  about  t h e  
off-resonance response and the  c o n t r i b u t i o n s  of o t h e r  modes. 
To determine i f  this a f f e c t e d  t h e  c a l c u l a t e d  margins, w e  made 
a s t a b i l i t y  run wi thout  any pressure  c o n t r i b u t i o n ,  i . e . ,  w e  
disconnected t h e  LOX tank from t h e  l i n e .  Both sets of  margins 
are l i s t e d  i n  Table 111. The t a b l e  g ives  t h e  d a t a  t o  three 
f i g u r e s  only t o  show how l i t t l e  d i f f e r e n c e  t h e r e  i s  wi th  a 
complete absence of the p res su re  t e r m .  The d i f f e r e n c e  of 
hundredths of a Hz and t e n t h s  of a dB could  be due t o  t h e  
accuracy of i n t e r p o l a t i n g  t h e  d a t a .  

Another run with a l l  4 9  modes inc lud ing  the  p r e s s u r e  
t e r m  w a s  made, and t h e  r e s u l t i n g  margins are also l i s t e d  i n  
Table  111. Again t h e  d i f f e r e n c e s  are so  s l i g h t  as t o  be  
meaningless. 

Table I11 shows one o r  t w o  of  t h e  p o s s i b l e  t h r e e  
margins are missing a t  some e n t r i e s .  
30 t o  50 dB range and s tudy  of t h e  Nyquist  p l o t s  shows t h a t  
s m a l l  changes i n  t h e s e  m i n o r  lobes cause them t o  miss t h e  
p o s i t i v e  r e a l  ax is .  I n  f a c t ,  the Nyquist  p l o t s  are more 
a f f e c t e d  by t h e  p r e s s u r e  term than Table I11 would i n d i c a t e .  

The margins are i n  t h e  
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This  i s  because t h e  l a r g e r  lobes which c o n t r o l  t h e  margins l i s t e d  
on T a b l e  I11 are due t o  gimbal response,  n o t  t o  tank  p res su re .  

D I S C U S S I O N  

Having e s t a b l i s h e d  t h a t  t h e  s t a b i l i t y  p l o t  of 
F igure  6 i s  n o t  s e n s i t i v e  t o  our handl ing of tank  p r e s s u r e  
nor  t o  t h e  p a r t i c u l a r  n i n e  modes used i n  t h e  a n a l y s i s ,  a few 
comments on t h e  S-IVB POGO s t a b i l i t y  are i n  o rde r .  

The 9 t o  1 6  Hz mode which starts wi th  40  d B  margin 
and ends wi th  2 d B  margin is  probably a va l id  r e s u l t  and i s  
agreement w i t h  t h e  f l i g h t  spectrograms. This  mode had been 
observed i n  prev ious  S-IVB POGO s t a b i l i t y  ana lyses .  

T h e  1 9  Hz mode during t h e  f i r s t  burn i s  a new r e s u l t  
of  t h e  s t r u c t u r e s  model and agrees w i t h  t h e  frequency seen  i n  
t h e  f l i g h t  spectrograms. The c a l c u l a t e d  margins of 20 t o  30 d B  
seem t o o  l a r g e  f o r  a s i g n a l  which i s  so man i fe s t  on t h e  spec t ro -  
grams. Perhaps t h i s  ques t ionab le  r e s u l t  i s  due t o  t h e  r i g i d  
t h r u s t  s t r u c t u r e  which had t o  be assumed i n  t h i s  update of t h e  
s t r u c t u r e . ,  The nex t  update, due mid-September, w i l l  involve  
a f l e x i b l e  t h r u s t  s t r u c t u r e  and t h i s  may change t h e  margin of 
t h e  1 9  Hz mode. 

I t  can be s a i d  t h a t  t h e  inco rpora t ion  of a h y d r o e l a s t i c  
model f o r  t h e  LOX tank  has  n o t  genera ted  s i g n i f i c a n t  tank  
p r e s s u r e  t e r m s  b u t  has  a f f e c t e d  t h e  s t r u c t u r a l  ga ins  seen a t  
t h e  engine gimbal. 

I t  would s e e m  t h a t  t he  s t a b i l i t y  margins o f  Figure 6 
are n o t  c r i t i c a l l y  dependent on l i n e  or  engine t r a n s f e r  func- 
t i o n s .  For one t h i n g  t h e  s t a b i l i t y  margins a t  1 6  t o  1 9  Hz 
are below any major g a i n  ampl i f i ca t ion  of t h e  l i n e .  For another  
t h i n g  t h e  margins are n o t  "phase s t a b i l i z e d , "  t h a t  i s ,  t h e  
c ros s ings  on t h e  Nyquist  p l o t  a r e  near  t h e  maximum of t h e  lobes .  

2031-JJO-ajj 

Attachments 
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ATTENDANCE LIST 

POGO WORKING GROUP MEETING 

26-27 AUGUST 1970 

J. Farrow 
T. Bullock 
R. D. Vaage 
R. J. Farrell 
A. Rasumoff 
R. Winje 
J. Fenwick 
J. J. O‘Connor 
D. C. Wade 
W. F. LaHatte 
G. F. Riley 
L. E. Kraft 
H. R. Wiener 
R. Schwartz 
J. Sterett 
M. E. Campbell 
M. A. Mezzacappa 
D. DiMaggio 
L. McTigue 
S. Petrilla 
D. R. Gosdin 
M. J. Morgan 
L. M. Olsen 
E. H. Hughes 
J. I. Kistle 
J. S. Andrews 
W. R. Marlowe 
W. L. Ray 
0. R. Goetz 
R. G. Zagrodzky 
W. A. Jarinen 
H. P. Stinson 
F. S. Wojtalik 
J. J. Nichols 
R. C. Spink 
A. L. woriund 
R. M. Hunt 
R. L. Grim 
J. E. Harbison 
En N. Jackson 
R. P. Rice 
V. L. Glasgow 
Larry Kief ling 
George L. von Pragenau 
Mario Rheinfurth 
R. V. Sperry 

MSFC/S&E-ASTN-AD 
MSFC/S&E-ASTN-ADL 
Martin Marietta 
Martin Marietta 
TRW Systems 
TRW Sys tems 
Rocketdyne 
Bellcomm 
NASA/MSC 
MSFC/PM-SAT-S-I1 
Boeing-Huntsville 
NR/SD 

NR/SD 
MSFC/S&E-ASTN-A 
NR/SD 
NR/SD 
NR/SD 
Boeing-Huntsville 
NR/SD 
MSFC/S&E-ASTN-EPS 
MDAC 
MDAC 
Boeing/WDC 
NASA/Washing ton (MAT) 
Boeing/Hous ton 

NR/SD 

NASA/MSC/PM-MO-F 
MSFC/S&E-ASTN-TSJ 
MSFC/S&E-ASTN-T 
MSFC/S&E-ASTN-XSH 

MSFC/S&E-ASTN-PPA 
MSFC/S&E-ASTR-S 
MSFC/S&E-ASTN-ADS 
MSFC/S&E-ASTN-PFB 

MSFC/S&E-ASTN-A 
Rocketdyne 
MSFC/S&E-ASTN-ADL 
NR/SD - Huntsville 
MSFC/PM-SAT-S-IVB 
Boeing-Huntsville 
MSFC/S&E-AERO-DDS 
MSFC/S&E-ASTR-A 
MSFC/S&E-AERO-DD 

NO RTHROP/Hun tsvi 1 1 e 

MSFC,’S.-+ASTi+PF 
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EXACT SOLUTION FOR CONTINUOUS LINE MODEL 

1 UP PAX, ~ 

, [PT + j Z sin (-1 
p** = cos (-1 UQ + j ZK sin (z 1 a iw 

a a 

WHERE K = G + jwCbo AND 

FOR A LINE LENGTH Q SMALL COMPARED TO THE ACOUSTIC WAVE LENGTH, 

THAT IS, Q<- OR 
a WP 

a 
- < 1  

0 

THEN 

Bellcomm, Inc. 

FIGURE 5 - LOX LINE EQUATIONS 
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